INTRODUCTION

The world-wide process of urbanization leads to the growth of cities and increased load density in city centres. The increase of distributed generation locally increases power densities and intermittently reverses the load flow in distribution networks. These factors will require strong, flexible and more intelligent network components. One such flexible and intelligent network component under development is superconducting power cable technology. This article explores the new network parameters of this technology and its application in distribution networks.
HTS CABLE SYSTEMS
Development status
Approximately seven years of operation experience has been accumulated in three demonstrations of High-Temperature Superconducting (HTS) power cables. They represent an industrial load [1] , a distribution network [2] , and a certification laboratory environment [3] . This new technology offers a different set of parameters for network planning, notably higher ampacity, higher power rating at any given voltage level, low losses at high load and lower impedance to current flow and to flow control. It inherently contains temperature control, intelligent surveillance, and a large thermal reserve with the potential of actively varying the transmission capacity and load flow.
"Triax" cable design
The "triaxial" design uses three concentric phase conductors and a common conductive shield separated by cryogenic dielectric tapes. This results in the lowest possible material consumption and a more compact cable system [4 -6] . 
Application scenarios
The cost benefit of superconducting cables can be determined through the forecast of production-, installation-, and operation costs, and comparisons with the conventional alternatives. The analysis of homogeneous networks [7] has shown that the permissible cost of a superconducting cable can be 5-6 times that of a conventional cable. This is valid when replacing the 110 kV level by higher-current, lowervoltage supercables for power densities of 5-10 MW/km 2 and station sizes in the range of 30-100 MVA. In this article, costscenarios and the electrical parameters, R, L, and C, are presented for specific triaxial HTS cable designs. Two distribution scenarios with network parameters within the interesting ranges are then explored with respect to their total system cost.
ELECTRICAL PARAMETERS
Theory
Since the phase conductors of a Triax cable have different diameters, they are electrically unbalanced and need to be transposed. For a fully transposed system with a thin superconductor, the relationships for calculating equivalent phase-ground values for L and C are (1) where R 3 is the average radius of the outermost phase 3, and R 1 the average radius of the innermost phase 1, and (2) where the R iin and R jout are the inside and outside semiconductor surfaces in the respective phases 1-3 and the shield, 4. These values can be used in phase-ground pi equivalents for line analysis [8] and as approximations for short, un-transposed cable systems.
Two cable designs
The two application scenarios use a 10 kV, 52 MVA cable design and a 20 kV, 208 MVA cable design, both of the Triax type. Their properties are shown in Table 1 . 
COST ESTIMATES HTS cables
Projections of future costs are by nature speculative. However, it would be unfair to judge the prospects of HTS technologies on the present R&D cost levels. Therefore, three cost scenarios have been prepared for different production scales: 1) small-volume; 2) medium-volume; and 3) largevolume. Mature BSCCO tapes at a cost of 30 Eur/kAm are employed in the small-scale scenario. In the medium-scale scenario, it is assumed that 2 nd generation conductors mature to a cost of 10 Eur/kAm. In an optimistic large-scale scenario, a technological break-through leads to HTS cost levels of 5 kEur/kAm. This is still above the cost levels of complex LTS conductors. The thermal insulation, "cryostat", is the second most expensive component. The cost is estimated to vary significantly with production volume and supplier relationships. These industrial-scale materials and manufacturing cost scenarios are shown for a representative example in Fig. 2 .
Cooling system
Reliability and cost estimates for advanced cryogenic cooling solutions for power cables are under preparation. In this article, preliminary estimates are used. They are based on best-of-class cost levels in small systems with cooling power ratings of 4 kW at 77K. The cooling systems in the application examples are spaced 3-6 km apart and consist of: 1) multiple cooling units of 4-6 kW cooling power; 2) one circulation unit for every 4 km of cable length. Redundant cooling units and circulation units are installed to accept up to 33 % unit failures. If for example three cooling units are required based on the maximum heat load, then four cooling units are installed. Active cooling systems are sensitive to long-duration power outages. It is estimated that a superconducting cable can continue operation for 0.5-8 hours without active cooling, depending on the load and the length of the system. For longer outages, backups in the form of a cryogenic cold storage or diesel generators are possible. The cost for this was not included in this study. The cost of a supplementary cryogenic reserve is relatively small. A diesel backup may double as a peak-shaving unit, and parts of the costs may therefore be attributable elsewhere. Cost numbers of 50 kEur per kW cold power have been used in addition to a fixed charge of 120 kEur per 4 km for the circulation system. The efficiency of the coolers are calculated to be ~8%.
Other system components
The installed costs of system components such as transformers, breakers and conventional cables have been published by the Danish Department of Energy, as a part of the de-regulation process in 2000-2003 [9] . The cost values used in this study are shown in Table 2 . The operational costs are assumed to be dominated by the electrical losses, both in the conventional and in the superconducting cases.
APPLICATION SCENARIOS
Distribution branch reaching into high-value real estate
A down-town substation was initially serviced by a single 10 kV, 10 MVA line from a 110/10 kV transformer station 1.5 km away. The service was later upgraded to 20 MVA through a second 10 kV, 10 MVA line also in a 130 mm duct. Due to a major high-rise development, there is a requirement to upgrade to 50 MVA. There is sufficient capacity in the existing 110/10 transformer station. The following three alternatives are considered: 1) retrofit a 110 kV, 57 MVA PEX cable (e.g. Citykabel™) in the 130 mm duct and install a new 110 kV transformer in the 50 MVA substation; 2) add three 10 kV, 10 MVA cables in three new ducts established through horizontal drilling; 3) retrofit a 10 kV, 52 MVA superconducting cable in the 130 mm duct. These alternatives are illustrated in Fig. 3 . The results of the cost analysis is shown in Fig 4. In the alternative 1, Fig. 3b , the cost is dominated by the 110 kV equipment. The realestate cost for the 110 kV transformer at the development site is valued at 5000 Eur/m 2 . In the alternative 2, Fig. 3c , the cost is dominated by the new ducts and the associated right-ofway (RoW). The digging and installation cost of the ducts are estimated at 500 Eur/m for two thirds of the stretch and 100 Eur/m for the last third. The cost for RoW includes permitting and settlements. The cost is estimated to 50 Euro per affected m 2 . In total, the cost of RoW and the physical ductwork amounts to ~700 Eur/circuit-m. In the alternative 3, Fig. 3d , the cost is dominated by the superconducting cable. Therefore, a cost break-even occurs at longer distances, d. The break-even lengths are 1.9 km, 5.2 km, and 10.2 km for the small-, medium-, and large-volume scenarios respectively. Due to the zero-emission capability of the supercable (no thermal or EM emissions), the cost of RoW is expected to be smaller than for conventional cables. The cooling apparatus is placed at the low-cost end of the cable, away from the highcost development. It appears that under such circumstances, a clear cost advantage is achieved by using the superconducting Triax cable.
Urban distribution ring
A second application scenario is an urban ring. In a city with an ageing network, large renovations are required. In order to minimize construction activities in the busy down-town area, the city planner proposes that bulk power is distributed to eight substations spaced 3 km apart in a 24 km ring structure, Fig. 5b . Here, the dominating cost element is the cable. The cable can be pulled into PE ducts. These ducts have been installed through a combination of direct burial and directional drilling. The cost is estimated to be 100 Eur/m. The management of overcurrents will require special attention in this scenario due to the low voltage and high power rating. The exact solution of this issue is outside the scope of this article.
C C I I R R E E D D
The cost estimates for the alternative ring structures are shown in Fig. 6 , with three cost scenarios for the superconducting alternative. It appears that the mediumvolume scenario gives a 23% cost advantage under the given circumstances. The dominating factor in the cost comparison is the cost of RoW, tunnelling and ducts. The small-volume scenario starts to become profitable when the combined cost of RoW, tunnelling and ducts exceeds 1700 kEur/km. The medium-volume and large-volume cost scenarios are cost effective also for low tunnelling costs due to the high cost of the 110 kV equipment. 
CONCLUSION
The use of industrial-scale cost scenarios show that HTS cables of the Triaxial design can show both technical feasibility and economic benefit already in small and medium production volumes in situations with high land value, expensive tunnelling requirements, or when there are existing, re-usable ducts in expensive-to-dig areas. Electrical and cost parameters are now available for utilities that are interested in exploring detailed application scenarios in their own networks.
